LiTaO 3 is an important optical material. It may also be possible to use this material as a solid electrolyte for lithium-ion batteries which may be applicable in thin film solid-state batteries. Generally, ceramics have a wide range of impedances. Many ceramics have mixed charged species consisting of electronic as well as ionic charge carriers. This work investigates the conductivity of LiTaO 3 materials using ac impedance spectroscopy technique measured as a function of temperature.
Introduction
Lithium tantalate, LiTaO 3 is a material used in electro-optical applications [1] [2] [3] , sensors [2] , transducers [2] , ferroelectric [1] , pyroelectric [2] and piezoelectric devices [1, 2] . Li + ion solid electrolytes have attracted attention in recent years [4] . This material may also be used as a solid electrolyte in lithium-ion batteries. Solid electrolytes are very important for specialized batteries used in medical applications. This is because, the requirements for no spillage and material stability is very stringent.
The conductivity of a solid electrolyte is very important for it to be considered a viable electrolyte material. The conductivity can be experimentally determined using ac impedance spectroscopy and interpreting the resultant Nyquist plots. Impedance spectroscopy is now considered a very powerful and useful tool for conductivity studies of materials [5] . This is because other values such as activation energy and ionic mobility can be determined from ac impedance results.
In our literature search, no work has been done on the bulk conductivity of pure normal (micron sized) and nano (100 nm or less) LiTaO 3 powders. The conductivity value of LiTaO 3 has to be determined if it is to be considered as a solid electrolyte in lithium batteries. This work investigates the conductivity of LiTaO 3 powders using the technique commonly used for the study of solid electrolytes in Li based samples.
Experimental method
The synthesis of LiTaO 3 was done using the sol-gel method. Li acetate and tantalum oxide was stirred in ethanol for 2 hours. A gelling agent was added to complex the mixture and later slow dried. The precursor material was annealed at 700 o C for 24 hours. The material was then grinded until fine. Nanomaterial of LiTaO 3 was prepared using a high energy planetary ball mill. The milling parameters used were 10 minutes of grinding and 5 minutes of rest. The morphology and particle size was studied using a field emission scanning electron microscope, the JEOL JSM-7600F.
Pellets of 1.3 cm in diameter and 0.0903 cm in thickness were made using a hydraulic press. Measurements of ac impedance is taken using a HIOKI 3532-50 LCR Hi Tester. The frequency range used was 50 Hz to 1 MHz and a temperature range between 323 to 373 K.
Results and discussions
The morphology and particle size of the LiTaO 3 can be seen in the SEM micrograph of Fig. 1 and 2. The particle size of the nanomaterials seems to be about 0.1 µm whereas those of the normal materials are about 0.3 µm or more. Aggregation of the particles happen both in the normal and nano materials. The impedance is given by the equation,
where the real part Z R = Z 0 cos φ and the imaginary part Z I = Z 0 sin φ. The Nyquist plots of the imaginary part against the real part are drawn as in Fig. 3 and 4 whereby the bulk resistances are obtained using Eq.
where R b is the bulk resistance of the material, t is the thickness of the film and A its surface area (in contact with the electrode) [6, 7] . Generally, the conductivity of both the normal and nano LiTaO 3 increases with temperature. As is known, the atoms in solids are quite fixed in their positions due to the strong bonds between them. The atoms do have vibrational motion but not translational motion. When sufficient energy is given to the materials, in terms of heat, this will result in the breaking of the bonds which will free Defect and Diffusion Forum Vols. 312-315 the atoms and they will be able to move. The higher the temperature, the more the number of bonds that will be broken. Thus, by this mechanism, it is believed, that more Li-ions will be able to break free from the lattice of the LiTaO 3 as temperature increases. Energy can also be given to the materials by an applied electric field. An applied electric field will result in a potential gradient being set up. In the case of LiTaO 3 , the bonding is ionic and the presence of the electric field will affect the charged species present in the material. The potential gradient will influence the direction of motion of the ions through the material. 
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The impedance of the nano materials is observed to be lower than that of the normal materials. This implies that the conductivity of nano materials is greater than that of the normal materials. The condcutivities are given in Table 1 . The conductivity values of the nano particles of LiTaO 3 are about two orders of magnitude higher than the normal materials. The increase in the conductivity of the nanomaterials is attributed to the smaller particle size and morphology of the nanomaterials. Ionic transport involves the movement of charged species through the medium when an applied electric field is present. The transport of the Li + ions through the material involves movement across crystalline structures and grain boundaries. For the case of the normal materials, the Li + ions have a longer path length through the rigid crystal structure and relatively well defined grain boundaries. On the other hand, for the nanomaterial case, the distance traversed by the Li + ions is shorter and the grain boundaries is softer whereby the resistance to motion is believed to be less. Thus, transport of Li + ions through the nano materials is much easier compared to that through the normal materials. This explains the higher conductivity values obtained from the nanomaterials.
In order to further understand the diffusion of the Li + ions in LiTaO 3 , the results are tested with the Arrhenius model using the well known equation,
where σ 0 is the pre-exponential factor, T is temperature and E a is the activation energy. Fig. 5 . and Fig. 6 
equation (4) is obtained and the activation energy is computed from the graph of Fig. 5 . The values of E a are calculated to be 0.60723617 eV and 0.107908475 eV respectively for normal and nano LiTaO 3 . It is observed that the activation energy of the nano LiTaO 3 is considerably less than that of the normal LiTaO 3 . The higher activation energy of the nano LiTaO 3 implies the ease of transport of the lithium ions through the material which confirms the higher conductivity of the nano material.
Nano LiTaO 3  323 5.4063 x 10 -9 1.3077 x 10 -7 333 9.9562 x 10 -9 1.3841 x 10 -7 343
1.1625 x 10 Mobility is related to conductivity, σ by the following equation,
where n is the concentration of ions, e is the electronic charge and Z is the valence of the ions. Ionic mobility, µ i is therefore evaluated using Eq. (5) . Table 2 gives the ionic mobilities of lithium ions at different temperatures. The mobility of the Li + ions seems to decrease with temperature. It can be seen that the ionic mobilities of the materials at different temperatures are higher for the nano materials of more than one order of magnitude.
The experimental results above show convincing evidence of an increase in conductivity of a solid material when the particle size is reduced to the nanoscale. This can be explained by surface effects of nano materials. When particle size decreases, the number of surface ions with respect to the number of inner ions increases due to the increase of the surface area to volume ratio. There will
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Diffusion in Solids and Liquids VI 3.1453 x 10 -12 7.6053 x 10 -11 333 5 .7923 x 10 -12 8.0500 x 10 -11 343 6 .7634 x 10 -12 9.2453 x 10 -11 353
1.7308 x 10 -11 9.7122 x 10 -11 363 4 .0739 x 10 -11 1.0398 x 10 -10 373 4 .8351 x 10 -11 1.3419 x 10 -10 be more Li + ions on the surface for the nanoscale material compared to that for the normal material. Thus, more ions will move out of the crystallites for the nano particles compared to that for the bigger particles especially when an electric field is applied. Thus, surface effects explains the enhancement of the transport of Li + ions through the material.
Summary
Increase of conductivity with temperature for LiTaO 3 ceramics is caused by the higher probability of a Li + ion breaking free from the crystal lattice of the material as temperature rises. The behaviour follows that of an Arrhenius model. The enhancement of conductivity by about two orders of magnitude due to the effect of nano scale particles can be explained by surface effects and implies that particle dimensions can affect electrical properties of a material.
